Introduction
The global epidemiology of many infectious diseases has changed in recent years; a number of concomitant and mostly anthropogenic factors play a role in this process, including climate change, increased urbanisation, population mobility, deforestation, agricultural intensification and forced displacement of human populations [1] . Most research has focused on malaria and other vector-borne infections [2] [3] [4] or on and food-and waterborne diseases [5, 6] . The question of whether the timing of seasonal influenza epidemics has changed in recent years has received comparatively little attention. However, influenza seasonality is known to be linked to many of the above factors [7] [8] [9] [10] [11] [12] , and the temporal characteristics of influenza epidemics may evolve over time as a result of changes in these factors [13, 14] .
Seasonal influenza epidemics in the northern hemisphere are typically characterised by a short epidemic period of 8 to 12 weeks that varies in intensity during the winter months (November to March) [15] and are associated with substantial morbidity and mortality. Annual vaccination is the most effective measure to reduce the burden of influenza and is most effective when vaccination campaigns coincide optimally with seasonal epidemics. Considering that 2 to 4 weeks may be required to develop an immune response to the vaccine [16] and protection may wane within 6 months [17] , the timing of the epidemic peak is an important element that should be considered to optimise the effectiveness of influenza vaccination campaigns.
To assess whether the epidemiology of influenza has changed in the World Health Organization (WHO) European Region (900 million inhabitants), we examined for each country and the Region as a whole whether the timing of epidemic peaks has changed (i.e. occurs earlier or later) between 1996 and 2016.
Methods

Data
Influenza virological surveillance data were obtained from the publicly available web-based database FluNet, which is coordinated by the WHO [18] . Information on the weekly number of laboratory-confirmed cases of influenza (overall and by virus type, subtype and lineage) is entered into the FluNet database by the national influenza centres and other influenza reference laboratories of 113 countries participating in the Global Influenza Surveillance and Response System. On 6 November 2016, influenza surveillance data were downloaded for the period between week 27/1996 (starting 1 July 1996) and week 26/2016 (starting 27 June 2016), henceforth referred to as the study period, for all 53 countries in the WHO European Region [19] . We excluded from the dataset the 2009/10 influenza season and influenza A(H1N1)pdm2009 influenza cases reported between April and June 2009 (for all countries), seasons with fewer than 20 weeks of reporting or fewer than 100 influenza cases overall (only for countries where this applied), and countries that had data for fewer than five influenza seasons.
Definitions
The unit of analysis was the 'season', which was defined as the period between 1 July of one year and 30 June of the next year. For each country and season, the peak of the influenza epidemic was defined as the week in which the 3-week moving average of the number of reported influenza cases was highest [20] . Where the peak could not be identified unambiguously, the duration of the moving average was expanded by 2-week increments until the peak could be identified unambiguously. Because a given epidemiological week could start on different days in different years, the week number of the epidemic peak was replaced with the progressive number of the day in a year (1 to 365) corresponding to the Wednesday of that week.
Statistical analysis
For each country, linear regression models were used to assess the association between the season (independent variable) and the timing of the peak (dependent variables) (Model 1). A beta coefficient > 0 indicated that, with each influenza season, the influenza epidemic peak occurred progressively later; a beta coefficient < 0 indicated the opposite trend.
Linear regression models were then used to assess the association between the geographical coordinates (latitude and longitude) of each country's centroid [21] (independent variables) and the shift in timing of the peak (Model 2). A beta coefficient > 0 indicated that the shift in timing of the epidemic peak increased moving from east to west (for longitude) or from south to north (for latitude); a beta coefficient < 0 indicated the opposite trend. For all regression models, the 95% confidence interval (CI) for the beta coefficient, the p value, and the coefficient of determination R 2 were calculated. We did not fit random effect meta-analysis models to obtain a summary beta coefficient for the whole WHO European Region analyses because the country-specific beta coefficients (Model 1) were highly heterogeneous owing to a statistically significant relationship with the country longitude (see Results section).
Influenza epidemics tend to spread according to westto-east and (less frequently) south-to-north gradients in the WHO European Region [22] . In order to assess whether the duration of influenza activity in the WHO
Figure 1
Countries where the peak of reported influenza cases has occurred progressively later or earlier, WHO European Region, July 1996-June 2016 (n = 53) Dark blue: later by ≥1 day every year; light blue: later by 0-<1 days every year; dark green: earlier by ≥1 day every year; light green: earlier by 0-<1 days every year, averaged over the study period; grey: countries not included in the analysis.
Source: WHO FluNet database [18] European Region changed in recent years, we defined the duration as the number of days between the epidemic peak in countries in the west and east of the WHO European Region, and used linear regression models to explore whether this varied with time. The countries selected for this analysis were countries that were situated at the western (Portugal and the United Kingdom (UK)) or eastern (Russian Federation) edges of the Region with data available for a large number of seasons (from 2004/05 to 2015/16). A beta coefficient above (below) zero means that the duration of influenza activity in the WHO European Region became progressively longer (shorter) each season during the study period.
All analyses were conducted using Stata version 14 (Stata Corp, College Station, TX). Maps were prepared using Map Chart (http://mapchart.net/). All statistical significance tests were two-sided and p values < 0.05 were considered significant.
Sensitivity analysis
The impact of very early or late epidemic peaks was assessed by excluding one season at a time from the analyses. The impact of geographical outliers was assessed by first identifying outliers and influential points (i.e. points that significantly influence the output of Model 2) using studentised residuals, Cook's D and difference in fits (DFFITS) [23, 24] ) and then by excluding the identified countries from analyses. Finally, to assess the impact of removing countries with limited data, all analyses were repeated excluding countries that had data for less than seven or less than 10 seasons (the basic analysis already excluded countries with less than five seasons, see above).
In order to test the robustness of results, all analyses were repeated using the 3-week moving average of the positive detection rate (defined as the ratio of the number of reported cases over the number of respiratory specimens processed in the same week) instead of the 3-week moving average of the number of reported cases.
Results
The initial dataset included 819,332 influenza cases from 676 seasons in 49 countries of the WHO European Region; no data were available for Andorra, Cyprus, Monaco and San Marino. After applying the exclusion 
Timing of the influenza epidemic peak
The peak of the influenza epidemics occurred progressively later during the study period in 25 countries Obtained from country-specific linear regression models using the season as independent variable and of the peak of the influenza epidemic (day of the year; see text for definition) as dependent variable. A value of the beta coefficient above (below) zero means that the peak occurred progressively later (earlier) each season during the study period.
( Figure 1 and Table 2 ). The trend was statistically significant in Belgium, the Czech Republic, Portugal, Spain and Switzerland. In 13 other European countries, the influenza epidemic occurred progressively earlier, with a statistically significant trend in the Russian Federation and Ukraine.
Linear regression analysis indicated a statistically significant longitudinal gradient for the temporal shift of the epidemic peak in the WHO European Region (beta = 0.077; 95% CI: 0.034-0.121; p = 0.001; R 2 = 26.6%) ( Table 3 ).
The peak of the epidemic occurred on average 2.28 days later every season at longitude 0° (95% CI: 1.07-3.49; p = 0.001), was stable over time at longitude ca 30° E, and occurred earlier every season at more eastern longitudes (by 2.37 days at 60° E) ( Figure 2 ).
Duration of influenza activity in the WHO European region
The distance in time between the influenza epidemic peak in Portugal and in the Russian Federation decreased by an average 4.42 days per season during the study period (95% CI: 0.49-9.33; p = 0.072; R 2 = 31.6%). In the comparison between the UK and the Russian Federation, the decrease was 5.99 days per season (95% CI: 0.41-11.56; p = 0.038; R 2 = 39.6%).
Sensitivity analyses
The analysis using the positive detection rate instead of the reported number of laboratory-confirmed influenza cases in Model 1 and Model 2 yielded similar results. The existence of a longitudinal gradient was confirmed using this alternative approach (beta = 0.093; 95% CI: 0.023-0.163; p = 0.010), although a smaller proportion of the variability between countries was explained by the country longitude (R 2 = 16.9%). Using this alternative approach, the annual delay of the epidemic peak was 2.93 days at longitude 0° (95% CI: 1.03-4.92; p = 0.004) and was null at longitude ca 30° E. (Table 3) . Serbia and Ukraine were identified as outliers and as influential points, and Georgia and the Russian Federation were identified as influential points. Results were similar when these countries and when countries with limited data were excluded (Table 3) .
Discussion
This study showed that a key characteristic of seasonal influenza epidemics -the timing of the peak -has changed in the WHO European Region between 1996 and 2016. Unexpectedly, however, the timing of the peak did not change uniformly across the Region, but instead according to a longitudinal gradient, with influenza epidemics tending to peak progressively later in Western European countries and progressively earlier in Eastern European countries. These results were confirmed in several sensitivity analyses.
Our findings have implications for influenza control and prevention in countries across the WHO European Region. The implementation of vaccination campaigns should be synchronised with the timing of influenza epidemics, considering that the optimal immune response to vaccination may take 2 to 4 weeks to develop [16] 
Table 3
Relationship between the temporal shift of the influenza epidemic peak and a country's longitude, and results of sensitivity analysis, WHO European Region, July 1996-June 2016 (n = 38) and may decline substantially within 6 months [17] . Accordingly, failure to consider a systematic shift in the timing of epidemics (i.e. the timing of their onset, peak and end) may gradually reduce the effectiveness of influenza vaccination programmes. Influenza vaccination campaigns may need to be planned later in Western Europe and earlier in Eastern Europe, especially if the observed trends persist in the coming years. Importantly, we observed exceptions to these general patterns, and each country needs to carefully assess their situation at a national level, i.e. verify that the current timing of vaccination campaigns is still optimal. For example, the peak in Denmark, which is considered to be a country in Western Europe, has remained fairly stable over the years, and this would suggest that the timing of the vaccination campaign may not need to be modified.
One important consequence of these changes is that the overall duration of influenza activity in the WHO European Region (as a whole) has shortened over the past twenty years, with the average interval between peak influenza activity in western and eastern countries declining from nearly 2 months in 2004/05 (with influenza activity first peaking in the west and then in the east) to less than 3 weeks in 2015/16 (with peaks typically occurring in February and March in most countries [25] ). Our findings are particularly relevant for influenza vaccination programmes, as they suggest that the timing of epidemics and, therefore, the optimal time of vaccination has become better aligned across the whole WHO European Region, which in turn allows more coordinated and efficient management of surveillance and prevention efforts.
Changes in national surveillance systems may lead to changes in some metrics of influenza epidemics, such as their duration (e.g. influenza surveillance limited to the period 'week 40 to week 20' vs year-round surveillance) and intensity (e.g. following changes in the definitions for influenza-like illness and acute respiratory syndrome). However, the timing of the epidemic peak is less sensitive to how an influenza surveillance system is structured, and we are confident that our findings are not an artefact but the description of an actual phenomenon. Although we found that the timing of the peak of seasonal influenza epidemics in Europe is changing, we did not investigate the possible causes of this change. As mentioned in the introduction, the temporal characteristics (e.g. timing and synchrony between countries) of influenza epidemics are influenced by several factors, including patterns of population mobility such as air travel and commuting [7, 26] (especially in countries in Eastern European countries) and climatic and meteorological parameters (such as humidity, temperature and rainfalls) [8] [9] [10] 12] . For instance, Towers et al. noted a systematic change in the timing of seasonal influenza epidemics in the United States from 1997 to 2013, with warm winters that tended to be followed by severe epidemics with early onset and peak in the following year [27] .
However, it is unclear why there is an opposite trend in the timing of influenza epidemic peaks in Western and Eastern Europe, as the above factors are unlikely to have affected Western and Eastern Europe in different ways.
Our findings raise many questions and call for a number of follow-up investigations. Integrating climatic and meteorological time series with influenza surveillance data would help confirm the hypothesis that the changes in the timing of influenza epidemics are due to climate change or develop alternative explanations. The analysis performed here could be extended to earlier seasons to assess when the temporal trends started, to other areas of the world to determine whether similar changes in timing are taking place elsewhere (e.g. North America), and to other aspects of influenza epidemiology to look for other changes (for instance the duration of epidemics). Findings from these additional investigations would help predict future scenarios for influenza epidemiology and would help health authorities take appropriate measures to mitigate the public health consequences of seasonal epidemics. Furthermore, this research approach could be expanded to include other viral respiratory infections such as respiratory syncytial virus [28, 29] and other seasonal illnesses such as gastrointestinal infections [30] or even non-infectious diseases like asthma [31, 32] .
The results of this study are strengthened by the availability of influenza surveillance data for a large number of countries and for an extended period, by the use of straightforward statistical methods and the robustness of results across a range of sensitivity analyses. However, the results should be considered in the light of certain limitations. Although influenza surveillance capacity has improved globally since the 2009 pandemic [33] , differences in influenza data collection and reporting remain between countries [34] and for some countries, low data quality may have been an issue. Also, the lack of data stratified by region for the Russian Federation prevented us from assessing whether the longitudinal gradient for the temporal shift of the epidemic peak extends to its Pacific coast or attenuates (or inverts) at some longitude. Furthermore, data were available for only one country in the Caucasus (Georgia) and central Asia (Kazakhstan), which limits our ability to extrapolate the results to these areas. Finally, data were available for only a few (five or six) influenza seasons for 11 countries of the WHO European Region, which may have caused instability in the analysis (i.e. coefficients in Model 1), although the presence of geographical gradients was confirmed in all sensitivity analyses.
Conclusion
We found that the timing of the peak of influenza epidemics has changed in countries of the WHO European Region between 1996 and 2016. The main drivers behind this phenomenon remain to be clarified, but how the changes might affect influenza prevention and control efforts in Europe demands further attention.
